The jet mixing anchor pile is a new kind of supporting technology for foundation pit engineering in soft clay. The engineering features of jet mixing anchor pile as well as the difference between it and normal anchor bolt are introduced. The uplift tests of 4 jet mixing anchor piles are presented in detail to obtain the ultimate bearing capacity and load-deformation relationship of the piles. Load-transfer analysis, which is rarely applied in the analysis of uplift piles, is carried out on the piles with a hyperbolic calculation model. The load transfer method focuses on the interface between pile and soil, with which the non-linear behavior, the bearing capacity and the engineering features of the anchor piles can be fully studied. The calculated load-displacement curves of the piles have close agreement with that of the pullout tests, indicating that the proposed analytical solution is reasonable and feasible in predicting the bearing capacity of the piles. Thus, with this study, the supporting stiffness of the anchor pile can be predicted in the design stage of the foundation pit engineering, which is very important and meaningful in practical engineering. The decay curve of shear stress of soil surrounding the pile is derived with the load-transfer method, through which the minimum transverse space of each two piles can be decided against the pile group effect. Engineers can optimize the length and spacing of group piles through this.
Introduction
The jet mixing anchor pile is a new kind of supporting technology for foundation pits and slopes. Besides having some similar characteristics to soil anchors (Miyata et al., 2009) , it has some extra engineering features and advantages. The jet mixing anchor pile is good in deformation control and capable of maintaining the stability of the whole supporting structure. It can be applied to excavations in much the same manner as a multi-anchor wall (Richard et al., 2011) and can meet the strict demand for deformation. Compared with traditional supporting technology, it is much lower in cost and more environment-friendly. Jet mixing anchor piles and struts are both used in a long strip excavation in the city of Wuhan, China. It is reported that for each section of 26 m in length along the exaction, 7 days was requires for excavation when using anchor piles, 2 days less than that required for struts. On the other hand, though concrete struts need to be removed by explosive demolition, the strands in the anchor piles can be recoverable for recycling use, which reduces the cost by about 20%. It has been applied to more than 120 excavation projects and brought about significant economic and social benefit (Liu, 2011) , which are proof of the feasibility and maturity of this technology. The deepest foundation pit supported by jet mixing anchor pile is 27 m in depth.
A series of pullout tests on jet mixing anchor pile were conducted in Jingjiang, in the Jiangsu province of China. The soil layer properties, process and results of the tests are presented in this paper. The load-transfer method is that commonly used for calculations of compression piles (Hirayama, 1990; Cem et al., 2012) but has not yet been widely accepted in uplift piles. Even in the methods currently used (Reddy et al., 1998; Shubhra et al., 2007) ), the application of the load transfer method is not simplified enough. The proposed method in this manuscript is simple with fewer parameters but a clear derivation, and the results are satisfactory. The hyperbolic load-displacement model, which is widely used in the analysis of compression piles and soil anchors, is applied to derive the implicit relationship between the tension load and the deformation of the test piles. The decay mode of the shear stress of the soil surrounding the pile is obtained based on the load-transfer analysis, through which the minimum transverse space of each two piles can be decided against the pile group effect.
Definition and engineering features of jet mixing anchor pile
Pile foundation engineering is widely studied all over the world (Pastaskorn et al., 2011; Kiyoshi et al., 2011) . Compared with normal anchors, Jet mixing anchor piles are more like piles. They are made of steel strands and cemented soil by swing-injected agitation and are used to reinforce and support foundation soils and slopes. The difference between typical jet mixing anchor piles and normal anchors is shown in Fig. 1 .
Because the diameter of the jet mixing anchor pile (400-1000 mm) is much larger than that of normal anchors (less than 100 mm), the contact area and the frictional resistance between the pile and soil is also larger. The cemented soil is infused into the hole by high pressure jet grouting whereas normal anchors are made by low-pressure grouting. Together with the fix function of the anchor plates at the bottom part of the steel strand, the bond between the cement grout and steel strand is very strong. These engineering features make it possible for anchor piles to be used in soft soil, especially in silt clay, where normal anchors are not recommended by engineering specifications.
Typical jet mixing anchor piles can be divided into two sections: the free section and anchorage section. As shown in Fig. 1 , the steel strand of the free section is not bonded with the cement grout so that it can be pre-stressed in posterior construction.
Uplift tests
The Kaixuan project is located in the city of Jingjiang, Jiangsu province of China. Uplift tests were carried out on 4 jet mixing anchor piles in order to investigate the ultimate bearing capacity and load-deformation relationship of the piles of the project. All the 4 test piles are divided into two groups by length, see The failure criterion and termination condition of the test are as follows:
(1) The anchor pile is pulled out from the foundation soil.
(2) The displacement of the head of the anchor pile under one load level is two times than that under the nearest former level. (3) The anchor pile is broken under the tension load.
The pile test is ended if any of the former 3 condition happens. It was found that the limitations of the tension load of the tests was about 500 kN with a series of load and unload process.
All of the uplift tests were carried out in the second layer of the foundation soil, see Fig. 4 . The soil is a mucky silt clay. The parameters of the soil profile are shown in Table 2 .
The load-unload curves of the 4 test piles are shown in Fig. 8(a)-(d) , where (a) and (b) are from group 1. Several conclusions can be made from the figures. The final displacements of the 2 test piles from each group were in good agreement, which indicates the tests are reliable. Since there is no obvious yielding in the curves before the axial load reaches 400 kN, it can be deduced that the ultimate bearing capacity of the piles is satisfactory. Jet mixing anchor piles can be applied to supporting structures in silt clays and has good prospects in engineering application.
Load-transfer analysis of the piles
So far no theoretical load-deformation analysis has been set up on jet mixing anchor piles. The load-transfer method widely used in the analysis of compression piles and normal anchors is applied to the study in this paper. Ever since the load-transfer method was established by Seed and Reese, many researchers have proven the feasibility and rationality of their method and set up several relative load-transfer functions. Some common functions are the ideal elastic-plastic model (Kim, 2003) , the bilinear hardening model (Mayoral et al., 2010) , the hyperbolic model (Hirayama, 1990 ), the parabolic model (Li et al., 2012) and the exponential function model (Zhang and Wang, 2007) . It has been proved by theories and practices that the hyperbolic model is more suitable for piles under uplift load.
A single test pile is composed of the free section and the anchorage section, as can be seen in Fig. 5 . The free section is also grouted, but the steel strand is not bonded with the cemented soil, so the axial force of the steel strand along the free section is equal to the tension load at the top of the pile. The tension deformation of the free section can be calculated as,
where, S f and l f are the deformation and length of the free section. P t is the tension load at the top of the pile. E s and A s are the elastic modulus and area of the steel strand.
The tension load at the top of the anchorage section is also equal to P t . The load-transfer relationship between the anchorage section and the surrounding soil can be expressed by the following function, also see the hyperbolic curve in Fig. 6 .
where, τ(z) is the shear stress at the position of z. w(z) is the relative displacement between pile and soil at z. The reciprocal of a is the initial tangent slope of the hyperbolic curve. The reciprocal of b is the asymptotic value of the hyperbolic curve, which is also close to the ultimate frictional force of the soil. Both a and b have been endowed with definite physical meaning (O'Neill and Hassan, 1994; Sooil, et al., 1999) , see function (3).
where, D is the diameter of the pile. E s is the Young's modulus of the foundation soil. f max is the ultimate frictional force of the soil. Though it is not as easy to test Young's Modulus of the soil directly as it is to test many other modulus in soil, Young's Modulus has some relationship with the compression modulus, and the compression modulus E c can be achieved by a compression test under lateral restraint. Yang gave the relationship between E s and E c for soft clay: E s ¼ (2.5-3.5)E c (Yang and Zhao, 1992) . The E c of the second layer of soil is 5 MPa by compression test, and we set 15 MPa as its Young's Modulus in the later calculation.
The side friction can be calculated with Hong's function: (Hong, 1995) 
where, τ j is the side friction, c j and ϕ j are the cohesion and friction angle which also can be get from the table in M4, k 0j ¼ 1 À sinϕ j , γ i h i is the product of the depth of each layer and its unit weight. It should be pointed out that since the bottom of the pile did not reach the bottom of the second layer, the depth of the soil should be carefully evaluated according to the real situation. In this case, for the second layer of the foundation soil, the side friction is 22 MPa. A typical unit segment of the pile is shown in Fig. 7 . It shows that the difference of axial force is equal to the side friction around the unit section. Regardless of the deadweight of the pile, the balance equation of the stress condition of the unit segment can be expressed as, dPðzÞ=dz ¼ uτðzÞ ð 5Þ
where, u and P(z) are the perimeter and axial force of the segment. The stress-strain relationship of the segment is,
where, E and A are the elastic modulus and area of the anchorage section. If we combine functions (5) and (6) 
where, c 1 is a constant. Considering the boundary condition that
where, P b and W b are the axial force and displacement at the bottom of the anchorage section, one gets, 
The load-displacement relationship of the pile at any position z can be solved with functions (10) and (12). For a pullout pile, the stress at the bottom, P b , can be assumed to be zero. Given that the displacement at the bottom of the pile W b is from zero to a certain value such as 0.1 mm, 1 mm, 10 mm, (12) is the displacement of the pile at z. The integral upper limit will be the displacement of the top of the anchorage section when z is equal to the length of the anchorage section. The axial force at the top of the anchorage section can be obtained with function (10). Thus, one can get the relationship between the displacement S a and the load P t at the top of the anchorage section with a given series of W b . Combining function (1), the load-displacement relationship of the whole pile is,
For the test piles in Jingjiang, according to function (3), 1/a¼ 10 MN/m 3 , 1/b ¼ 22 kPa. The elastic modulus of the grout and the steel bars are 300 MPa and 210 GPa. A comparison between the calculated and measured load-displacement curve is shown in Fig. 8 . Fig. 8 also shows the comparison between the calculated and measured results of the uplift tests of single piles. The solid black line represents the measured load-unload displacement relationship of the in-situ tests. The hollow red line represents the calculated loaddisplacement relationship with the load-transfer method. The good agreement between the two lines proves the accuracy of the proposed load-transfer method. We also can find the elastic-plastic inflection point in Fig. 8a : the inflection point is about 400 kN in axial force. The bearing capacity of the single pile can be decided using this inflexion point.
We can also conclude from the above derivation progress that if the uplift force on the top of the pile is small, the side friction around the upper part of the pile can offset the uplift force and there will be no side friction on the lower part of the pile, as shown in Fig. 9 . With the growth of the uplift force, the side friction transfers to the lower part. If the side friction reaches its limit at the top of the pile, it will no longer increase, but the side friction on the lower part of the pile will continue to increase, and then reach its limit again. This indicates that the region where side friction reaches the limit is the failure zone, as can be seen in Fig. 9 .
It is a coincidence that the test piles are all in the second layer of the foundation soil. A weighted average parameter is often used to define a layer in scientific research and practical engineering. If a pile passes through several layers, it can also be solved by the proposed method in this manuscript. First, divide the pile into n sections according to the layers, n¼ 1,2,3…, and the NO n section is the lowest section at the bottom of the pile. One can achieve displacement at the top of section n with the proposed method and the soil parameters of layer n. This displacement is also the displacement at the bottom of section n À 1, and then with the soil parameters of layer n À 1, the displacement at the top of section n À 1 can be solved, and the calculations can be continued in this manner. The displacement at the top of the pile can be finally solved, which will also be the displacement of the pile head. Similar derivations may be applied to belled piles (Honda et al., 2011) .
Influence scope of the piles
The arrangement of the transverse and vertical spacing of the piles is very important in practical engineering. A single pile from the pile group never behaves the same as an isolated pile. The tension force transferred from the pile into the soil will cause stress overlapping in the soil. The frictional resistance between the anchorage section and soil is reduced by this kind of mutual interference. This phenomenon is called the pile group effect or the anchor group effect (Lee et al., 2002; Vanitha et al., 2007) .
It has been derived that the displacement of the anchorage section is W c (z) under the tension load P t . The displacement of the soil surrounding the pile is W s (z,r), where, r is the radial distance from the center of the pile. It is obvious that the deformation of the soil is related to both z and r. Considering that W s (z,r) decrease with the increase of r and approach zero if r is large enough, the expression of W s (z,r) can be in the following form, also see Fig. 10 .
The deformation curve of function (14) is a modified function of Alamgir's expression (Alamgir et al., 1996) according to the boundary conditions of the actual soil situation. The decay rate of the function curve is decided by the unique parameter α. Accurate soil deformation form can be obtained if α is correctly valued.
The pile is divided into n segments vertically. The surrounding soil is correspondingly divided into n blocks vertically and m blocks transversely, see Fig. 11. Function (14) is changed into,
ð 15Þ The shear strain of the surrounding soil is,
and the shear stress is,
where, G s is the shear modulus of the soil. The calculated result of function (17) will be equal in value and opposite in direction to the shear stress along the pile if the value of r is the same to the radius of the pile. With the former proposed loadtransfer method, W cj can be obtained by function (12) and the shear stress along the pile can be obtained by function (2). Thus, α j can be derived with a simple computer program. The deformation and shear stress of the soil can be calculated with functions (15) and (17) subsequently. For the former test piles, the decay curve of shear stress in the radial direction of soil at the ground surface is shown in Fig. 13 , where the vertical axis is the ratio between shear stress of soil and along the pile. The unique parameter α j of function (14) is obtained through an accurate calculation with the load-transfer method, which means the proposed derivation of the decay curve is credible. It can be concluded from Fig. 13 that the shear stress ratio is reduced to 40% as r reaches 2 m. Engineers can use the percentage as a standard to decide the space needed between any two anchor piles. The engineering significance of the proposed method is that the minimum transverse spacing of jet mixing anchor piles of a project can be calculated simply by applying the load-transfer method.
A finite element model is set up to confirm the rationality of function (14). To date there has been no precedent test of soil displacement of any compression pile or uplift pile (Dash and Pise, 2011; Amit and Nihar, 2009; Nanda and Patra, 2011) . This explains the comparison Alamgir made with finite element method results (Alamgir et al., 1996) . The finite element method was carried out by the Plaxis software, and all the value of the parameters of the model are the same to the uplift tests, as shown in Table 2 . The depth of the model was twice that of the anchor pile, and the radial distance was 20 times of the diameter of the pile, as is the case in the standard models most current researchers use (Said et al., 2009; Dijkstra et al., 2011) .
The finite element model is only at the anchorage part of the pile, but the length of the pile is 12 m and the diameter is still 0.6 m. Since the size of each element is set as 0.1 m, there are a total of about 36,000 elements. The software is not capable of producing output for all of these elements. Detailed elements are shown in Fig. 12 . The bottom and both sides of the model are fixed. The pile itself is elastic and the soil is elastic and Mohr Coulomb is plastic. The shear strength parameter can be taken from Table 2 in the manuscript.
The finite element results are in good agreement with those of the load-transfer method in terms of decreasing the shear stress ratio, as shown in Fig. 13 . The little panes in Fig. 14 are the calculation results of the finite element method, indicating a decrease in the vertical ground movement of the soil with the radial distance to the center of the pile. A red function line (14) was used to fit the ground movements, indicating that agreement is satisfactory, which proves that function (14) is suitable for the expression of vertical ground movement.
Conclusion
A new kind of supporting structure for excavation engineering and slope engineering called the jet mixing anchor pile is introduced in this paper. Along with the uplift tests, the loadtransfer method is applied to study the tension load-displacement relationship and ultimate bearing capacity of a single pile. The calculated deformations were in close agreement with those of the pullout tests, which proves the accuracy and applicability of the proposed method. The decay mode of shear stress of the surrounding soil is derived based on the loadtransfer method, which can be used to decide the minimum transverse spacing of piles in practical engineering. 
